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3 Mass F ;an in Eluswe Partlcle,
Universe May Never Be the Same

N

Discovery. on Neutrino
Rattles Basic Theory
About All Matter

By MALCOLM W BROWNE

TAKAYAMA, Japan June 5§ — In
what colleagues hailed as a historic
landmark, 120 physicists from 23 re-
search institutions in Japan and the
United States announced today that
they had found the existence of mass
in a notorlously elusive subatomic
particle called the neutrino.

The neutrino, a particle that car-
ries no electric charge, is so light
that it was assumed for many years
to have no mass at all. After today’s
announcement, cosmologists will
have to confront the possibility that
much of the mass of the universe is

in the form of neutrinos. The discov-

ery will also compel scientists to
revise a highly successful theory of
the composition of matter known as
the Standard Model.

Word of the discovery had drawn
some 300 physicists here to discuss
neutrino research. Among other
things, they said, the finding of neu-
trino mass might affect theories
about the formation and evolution of
galaxies and the ultimate fate of the
universe. If neutrinos have sufficient
mass, their presence throughout the
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Detecting
Neutrinos

Neulrinos
pass through
the Earth's
surface to

a tank filled
with 12.5 mil-
lion galions *
of ultra-pure
_water ..

.. and col-
lide with,
other, c# -
particles ...

.. produc-
ing a cone-
shaped
flash of light.

The light is
recorded by
11,200 20-
inch light
amplifiers
that cover
the inside of
the tank.

LIGHT AMPLIFIER

And Detecting Thelr Mass

By analyzing the cones of light,
physicists determine that some
neutrinos have changed form on

OKLAHOMA BLAST
BRINGS LIFE TERM
FOR TERRY NICHOLS

‘EN EMY OF CONSTITUTION’

'.Judge Denounces Conspnracy

and Hears From the Victims
of a Ternfymg Ordqal

By JO moms

DENVER, June 4 — Calling him
‘““an enemy of the Constitution,” a
Federal judge today sentenced Ter-
ry L. Nichols to life in prison without
the possibility of parole for conspir-
ing to bomb the Oklahoma City Fed-
eral Building, the deadliest terrorist
attack ever on American soil.

In passing sentence after hearing
from survivors of the blast and rela-
tives of some of the 168 people who
died in it, the judge, Richard P.
Matsch of Federal District Court,
said, ‘“This was not a murder case.”

He added: “It is a crime and the
victims have spoken eloquently here.
But it is not a crime as to them so
much as it is a crime against the
Constitution of the United States.
That’s the victim.”

Last December, Mr. Nichols was

T convicted of conenirineg with Timothv

Bajram Curri, in nc
Yugoslavia in three



Mixing Parameters |

Stephen Parke, Fermilab
Fermilab Nu Summer School 2009
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One Global Fit;

Dominated by

parameter best fit 20 30

Am2, [10~%eV?] 7.65%03 7.25-8.11 | 705834 | KamLAND
IAm2, | [1073eV?] 2401912 2.18-2.64 | 207275 | MINOS

sin2 ;5 0.3041092 | 0927035 | 025037 | SNO

sin? Oy 0507595 | 0.39-0.63 | 0.36-0.67 | SuperK

sin? 0,5 0.0179:01¢ < 0.040 <0.056 | Chooz
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Solar Neutrinos:




Solar Engine:

4p +2¢~ —* He + 2v, + 26.7TMeV

E = mc?

1 v, for every 13.4 MeV (=2.1 x10~12 )J)

L at earth’s surface 0.13 watts/cm?

O, = 2.12‘113_12 =6 x 10'°/em?/sec

This corresponds to an average of 2 v's per cm®

since they are going at speed c.



Solar Spectrum:
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Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutrino fluxes are given in number of neutrinos
s' MeV~! at the Earth’s surface. For line sources, the units are number
s~!. Total theoretical uncertainties taken from column 2 of
table 1 are shown for each source. To avoid complication in the figure, we have

cm 2

of neutrinos cm

Neutrino Energy (MeV)

-2

omitted the difficult-to-detect CNO neutrino fluxes (see table 1).

p+p—>H+et +ue

dpp = 5.94(1 £ 0.01) x 100%cm2sec™!

"Be+e~ —'" Li+ v,

P75, = 4.86(1 £0.12) x 10%cm2sec™!

"Be+p—3 B —% Be*+e + 1,

s = 5.82(1+£0.23) x 10%cm ?%sec™?



Total Rates: Standard Model vs. Experiment
Baheall-Serenelll 2005 [BE0H{0F)]
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Ray Davis & John Bahcall Theory v Exp.
Neutrino Flavor Transistions!!!



|dentical Solar Twins:

/ Ve
U+ 1%

" flavor eigenstates
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e 22227

mass eigenstates




Kinematical Phase: dm2 = 8.0 x 10-%eV?

sin 0, = 0.31

Sm2 T, —5 2 11
L o 8% 10 eV - 1.5x107" m
AG Y 1.27 0.1—10 MeV

A@ ~ 107::1

Effectively Incoherent !!!



Vacuum v, Survival Probability:
(P..) = f1c08? 0 + fasin® O
where f1 and fy are the fraction of v; and vy at production.

In vacuum f; = cos? 60 and fp = sin® 6.

Note energy independence.

(P..) = cos* Oy +sin* 0, =1 — %SiﬂQ 20

for pp and “Be this is approximately THE ANSWER.

f1 ~69% and fo ~ 31% and (P..) ~ 0.6



B 1 ~ 69%
/ V2 4]
V1 1 1% N 31%
1 f2
Vo 11
\ 1

in“0 ~ 0.6
: fosin” 0
(P.e) = f1cos” 0 +

f3 = SiIl2 013 < 4%



What about 8B ?

B, (X 10°cm? s

CC:ve+d—e +p+0p

NC:v,+d—v,+p+n

ES: v, +e” — v, +e”

0 0.5 1 1.5 2 2.5 63 3.5
¢ (x 10” cm? s71)

SNO's CC/NC

S% = (Pee) = frcos? g + fasin® b

g —
f1 = (f]g sin® 0 / cos 20

T (0.35 — 0.31)/0.4 ~ 10 &+ ???%



V2 ~ 90%
/VVQ Vo U9 f2
— V1 Dy
<2V2V2V2 f1~10%

(P..) = sin® 0 + fi cos 20 = sin® O, = 0.31

Wow!!l How did that happen?7??

energy dependence!!!



Coherent Forward Mikheyev + Smirnov Resonance WIN ‘85

Scattering:

leutrino Spectrum in Sun
!
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From Frameworks ll|

oo Am?* [ —(cos26 — z) sin20
M AF sin 20 cos 20 — x
with »— _Vw/2 2V/2G pN.E
- Am?/4FE Am?
7 Am3, [ —cos20y sin 20y
M = -
! AE sin 260y, cos 260,

If we define —

Amﬁ[ = Am? \/Hin2 20 + (cos 20 — x)?

and ,
sin“ 260

.2 _
Sin” 20 = —- : -
sin” 260 + (cos 20 — x)?

?

{dm?sin 20} is invariant

VE) R



Coherent Forward Mikheyev + Smirnov Resonance WIN ‘85

Scattering:

leutrino Spectrum in Sun
!
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Solar Center

Life of a Boron-8 Solar Neutrino:

Once a vy always a 5!
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1 |

toddler

q I

| I EE

teenager

2 I

I e

adult

v

Exit Core

In Vac
Vo = e

;2 ]

B

senior

v

Exit Sun
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In Vacuum

Sm2 = 8.0+ 0.4 x 1075 e}/

sin 6 = 0.31 4 0.03

Whereas for B
at center of Sun

om3; = 14 x 107° eV?
sin® Y = 0.91



Mass Eigenstate Purity: "B: vy fraction (%)

(1) (%) | (f2) (%)
vac 09 + 3 31 F f
pp 67 + 4 33 = 4 | 2F _
quasi-vacuum °; g
Be 63 + 4 37 F 4 T g
3B 0 2 01 + 2 matter dominafed- e,
f1 = cos? Hg and fy = sin? Hg (P..) = f1cos? 0z + fo sin” 0o

8
vac Ppp "Be 5
o —— ———n N, b
e—v
(Peoe) = cos? 0o + sin® 0o — Sin2 (9@



Solar matter effects put more

sin” 0 of the neutrino into vs.
An?, I This raises the survival probability
| o —— above vacuum value since v has more v,.
But the minimum of P.. in vacuum is 1/2.
9@ > 7'('/4
om Vs - For this hierarchy Pmetter > pvac > 1 /2

But PPNY = 0.347 + 0.038 < 1/2

This solar hierarchy EXCLUDED !l



Summary:

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds v and one third v, due to (quasi-) vacuum oscillations.

fi = 65+2%, fo=35F 2% with P.. ~ 0.56

The high energy ®B Solar Neutrinos exit the sun as
"PURE" 5 mass eigenstates due to matter effects.

fo=91+2% and f1 =9 F 2% with P.. ~ 0.35.

sin? 6,
2 e omz = 8.0+ 0.4 x 10 °eV?
Amgol
1 sin® 0 = 0.310 % 0.026
at 68% CL
Vel Vi Vil

SNO, KamLAND, SK/K, GNO/Gallex, SAGE, Cl



SuperK

Flavor Mass E-state
Fraction gﬁ/‘:t'or"
76% 1v.'s 0 V2s

V? +€ — U+ €
Which Neutrinos 7



KEY:
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Size of |U,3|?
Hierarchy 7

CPV 7

Maximal {23} Mixing 7

New Interactions and Surprises !l



613 from Reactor Disappearance

kinematic phase:
2
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SiIl2 6’13 from LBL:

and related processes:

Department of Conservation
e Papa Atawbeii




CP

T :U: CPT across diagonals :H: T
Ve — Uy < Ve — Uy
CP

o First Row: Superbeams where v, contamination ~1 %

e Second Row: v-Factory or 3-Beams, no beam contamination
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| Urge msli2EY o 4 U e tmal 2By, 4 [ e il /2B

use unitarity to eliminate U, U,y term:

Py, —ve) = |2U}3Uecssin Agie™ 232 + 20U, U, sin Aoy |?
T

Atmospheric dm? Solar 5m2
\/Patm \/PSOl




Az’j — (SmgjL/élE

P, e = | V/Paime HA32E0) 4 /P 1 |2

CP violation !l

where \/Patm — sin (923 SN 2(913 SN Agl

and \/Psol — COS (923 S1n 2912 SN Agl

~ Patm _I_ 2\/Pathsol COS(ABZ ]

cos(Ajzy £ 0)
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- sin Ajo sin o




—12(Ag2+6 2
P(v, = ve) = |V Pame ¥ )+ /P,
For L = 1200 km
and sin” 20,3 = 0.04
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2 Flavor in Matter:

v, disappearance in Loooong Block of Lead: ,

1 — P(ve — 1v,) =sin* 20V sin” Ay
same form as vacuum

2

2
BUT from dm?sin 26 invarance sin” 20V = (5m ) sin” 20

2
5mN

2 2
1 - P(v, — v,) = sin” 20 (5m22> sin® Ay = sin® 26 (Sm AN) A?

2
5mN AN

_ Sm2L
A T 4F

enhancement or suppression depending on for small L this reduces to

1 — P(ve — ve) = sin® 20 A2
sin2 A (Ve — V) = sin
A2

Sin2 AN
2
AN

<
>

same as vacuum small L.




dmj, = \/(5m2 cos 20 — 2/ 2GrN.E,)? + (dm? sin 20)2

0

|6m? — 2v/2GFN.E, |

except near resonance: e -
6m? cos 20 = 2/2Gr N E, /'f OF

An =~ |A —aL| where a=GprN./v2 =~ (4000km)" ( P )

3 g.cm—3

a — —a for anti-neutrinos:

sin?(A—a
1 — P(ve — v.) = sin® 20 (A(_AGL)g’) A~



2 Flavors:

P(v, —> ve)

1 — P(ve — v.) = sin” 20
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Full Probability:
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In Matter:
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Off-Axis Beams
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What happens to the neutrino oscillation length
in the semi-classical limit, h — 0 7

LOSC — OO
LOSC — O
Other



